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Abstract 
Several transition metal based mixed oxides with the spinel structure have been prepared, 
characterised and tested using a TGA apparatus simulating the oxidation and reduction periods in 
CLC. Despite the fact that gas phase diffusion limitations have been encountered under our TGA 
test conditions, the spinel materials were compared in terms of oxygen transfer capacity as well 
as oxidation and reduction rates. The best working spinel formulation is Cu0.95Fe1.05AlO4, with 
high oxygen transfer capacity, high oxidation rate, but a relatively low reduction rate compared 
to our reference formulation (60%NiO-40%NiAl2O4).  
Impregnating NiO on the former spinel material allowed to increase both oxygen transfer 
capacity and reactivity of the resulting materials. While oxidation rates in the same order of 
magnitude to that of the reference material could be obtained, the maximum measured reduction 
rate was still only slightly above half that of the reference material. 
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1. Introduction  
Energy production through chemical looping combustion (CLC) of fossil fuels is a promising technology which 
generates hot oxygen depleted air and CO2/water vapour streams, hence allowing CO2 capture at low energy 
penalty. The feasibility of chemical looping processes relies mainly on the oxygen carrier's ability to transfer oxygen 
from the air reactor to the fuel reactor. Hence the particles should have a high oxygen transfer capacity (OTC) and 
their reactivity under oxidising and reducing conditions should be high so as to minimise the inventory of material. 
In order to use the particles in a fluidised bed process, they should also be highly chemically and mechanically 
resistant, and a binder is generally added to the redox active phase (for a review, see 1). 
A quick literature survey indicates that NiO-NiAl2O4 is probably the best oxygen carrier to run CLC with regards 
to its OTC and reactivity, despite the price and toxicity of nickel. Nickel aluminate in this material is used as a 
binder, and its reactivity is considered to be negligible. It is indeed generally accepted that spinel phases are very 
stable at high temperature and do not react with hydrocarbons, with the exception of CuAl2O4, as reported by de 
Diego et al.2  
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In this study, several transition metal based mixed oxides with the spinel structure have been prepared, 
characterised and tested using a thermobalance simulating the oxidation and reduction periods in CLC. The spinel 
materials were compared in terms of oxygen transfer capacity as well as oxidation and reduction rates. 
2. Experimental 
2.1. Materials synthesis 
Reagent grade chemicals (NaOH, Ni(NO3)2.6H2O, Cu(NO3)2.3H2O, Al(NO3)3.9H2O, Fe(NO3)3.9H2O, 
Co(NO3)2.6H2O, Ga(NO3)3.9H2O) were purchased from Sigma-Aldrich. 
The prepared oxygen carriers (OC) are listed in Table 1. OC1 to OC9 and OC15 to OC17 were prepared by co-
precipitating stoichiometric amounts of nitrate precursors  in deionised water with 1M aqueous sodium hydroxide at 
room temperature and at pH 9, followed by filtration and washing with deionised water. The obtained precipitates 
were then dried and calcined at 1000°C for 2 hours. 
To avoid the formation of a mixed Ni-Cu-Fe-Al spinel phase, NiO-Cu0.95Fe1.05AlO4 materials (OC10 to OC14) 
were prepared by impregnation of the Cu0.95Fe1.05AlO4 spinel material (OC9) with concentrated nickel nitrate 
solution. Since the porosity of OC9 is low (<0,2 ml/g), the latter was dispersed in the nickel containing solution and 
dried under vacuum at room temperature until complete evaporation of water. The resulting powder was then 
calcined at 1000°C for 2 hours to decompose nickel nitrate to nickel oxide. 
 
Table 1 : Prepared oxygen carriers 
 Oxide Binder MeO: binder  
ratio Preparation method 
Surface 
area  (m2/g) 
OC1 NiO NiAl2O4 60:40 co-precipitation 5 
OC2 - NiAl2O4 0:100 co-precipitation <1 
OC3 - CuAl2O4 0:100 co-precipitation <1 
OC4 - Cu0.5Ni0.5FeAlO4 0:100 co-precipitation <1 
OC5 -  Co0.5Ni0.5FeAlO4 0:100 co-precipitation 11 
OC6 - CoFeAlO4 0:100 co-precipitation 6 
OC7 - CuFeGaO4 0:100 co-precipitation <1 
OC8 -  NiFeAlO4 0-100 co-precipitation 7 
OC9 - Cu0.95Fe1.05AlO4  0:100 co-precipitation <1 
OC10 NiO Cu0.95Fe1.05AlO4  5:95 impregnation <1 
OC11 NiO Cu0.95Fe1.05AlO4  10:90 impregnation <1 
OC12 NiO Cu0.95Fe1.05AlO4  15:85 impregnation <1 
OC13 NiO Cu0.95Fe1.05AlO4  20:80 impregnation <1 
OC14 NiO Cu0.95Fe1.05AlO4  40:60 impregnation <1 
OC15 CuO Cu0.95Fe1.05AlO4  5:95 co-precipitation <1 
OC16 CuO Cu0.95Fe1.05AlO4  10:90 co-precipitation <1 
OC17 CuO Cu0.95Fe1.05AlO4  15:85 co-precipitation <1 
2.2. Materials characterisation 
XRD analysis of the prepared oxides was performed using a Brucker D4 Endeavor Diffractometer in Bragg-
Brentano configuration (CuK radiation). BET surface area measurements were performed on a Micromeritics 
ASAP2420 apparatus, using N2 as a probe. SEM-EDS analysis of selected samples was performed on a CARL 
ZEISS SUPRA 40 microscope. 
 
Most of the materials show a low surface area, due to the very high calcination temperature (Table 1). 
 
XRD analysis of OC1 confirms that both bunsenite (NiO) and nickel aluminate spinel (NiAl2O4) are present, with 
no impurity detected. The formation of pure spinel phases OC2 to OC9 also is confirmed by XRD analysis in every 
A. Lambert et al. / Energy Procedia 4 (2011) 318–323 319
 Author name / Energy Procedia 00 (2010) 000–000 3 
case. In the case of oxygen carriers with both metal oxide and spinel phase (samples OC1 and OC10 to OC17) both 
the X-ray diffraction lines characteristic of the spinel phase (NiAl2O4 for OC1 and Cu0.95Fe1.05AlO4 for OC10-OC17) 
and of the metal oxide (NiO or CuO) are observed.  
For CuO-Cu0.95Fe1.05AlO4 carriers (OC15-OC17), the X-ray diffraction lines of the spinel phase fit exactly with 
the corresponding JCPDS file (04-006-4618) and with that of monoclinic tenorite (CuO, JCPDS 04-008-8215). In 
OC10 to OC14, the X-ray diffraction pattern depends on the proportion of added nickel oxide. With 5wt% NiO, 
tenorite (CuO) peaks are observed instead of the expected bunsenite (NiO) peaks. This is likely due to substitution 
of Ni2+ ions for Cu2+ in the spinel structure, the 36.1°(2) diffraction peak of which is slightly shifted towards higher 
angles (Figure 1). As the proportion of impregnated nickel increases, this shift towards higher angles and the 
intensity of the diffraction peaks characteristic of bunsenite also increase. In the meantime, the intensity of tenorite 
diffraction peaks do not vary very much, and the latter are even undetected when 40wt% NiO is added, possibly 
because CuO and NiO form a solid solution.  
 
Figure 1: main X-ray diffraction lines of OC9 to OC14 showing the shift of the main spinel line to higher angles as 
NiO content increases and increasing intensity of the NiO peak 
SEM analysis of OC10, with 5% NiO loading, shows that nickel oxide is uniformly distributed within the starting 
spinel material (Figure 2), whereas observation of OC14 (40% NiO) shows that most of the nickel has actually 
deposited on the outer surface of the spinel particles (Figure 3), even forming pure NiO particles. This can be 
assigned to the large amount of nickel which was impregnated on the low porosity spinel phase. 
  
Figure 2 : SEM analysis of OC 10, showing nickel distribution within the material (right) 
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Figure 3: SEM analysis for OC14, showing nickel distribution within the material (right) 
3. Chemical looping combustion behaviour simulation 
The oxygen transfer capacity of the materials was measured using a symmetric SETARAM TAG24 
thermobalance. In order to minimise diffusion resistance, a home made wire mesh platinum crucible was used, and a 
small sample (~20mg, sieved between 30 and 40μm) was accurately weighed and loaded between layers of quartz 
wool. The samples were heated under air to 900°C, then they were alternatively exposed to reducing (10% CH4, 
25% CO2, 65%N2) and oxidising (air) conditions. Nitrogen was introduced in between oxidising and reducing 
periods to avoid mixing of methane and air. The reactive gas flow in the sample reactor was set at 150 ml/min (STP) 
using mass flow controllers, and the balance head was protected by argon flowing at 26 ml/min (STP), hence 
diluting the reactive gas by about 15%. Six reduction-oxidation cycles were performed with each sample at 900°C. 
The oxygen transfer capacity (OTC=100x(mox-mred)/mox)) of the various samples was measured, and their 
oxidation and reduction rates were calculated by derivation of the TG curve against time. For comparison purposes, 
the maximum reaction rates after six cycles were used. 
It was recently realised that despite the precautions taken to minimise external mass transfer limitations, the 
measured reaction rates are still inhibited by gas phase diffusion limitations due to the very fast kinetics of both 
reduction and oxidation, at least in the case of the reference sample (OC1). The measured rates however can be used 
as a means to discriminate between more or less reactive materials. A more detailed kinetic study will be performed 
with materials showing little or no deactivation with time, high oxygen transfer capacity and best reaction rates.  
Figure 4 shows the OTC and reaction rates measured by TGA on the various samples prepared. 
 
0
2
4
6
8
10
12
14
16
OC
1
OC
2
OC
3
OC
4
OC
5
OC
6
OC
7
OC
8
OC
9
OC
10
OC
11
OC
12
OC
13
OC
14
OC
15
OC
16
OC
17
Oxygen Transfer Capacity (wt%)
0
10
20
30
40
50
60
OC
1
OC
2
OC
3
OC
4
OC
5
OC
6
OC
7
OC
8
OC
9
OC
10
OC
11
OC
12
OC
13
OC
14
OC
15
OC
16
OC
17
Rate (%/min)
Oxidation
Reduction
 
Figure 4: Oxygen transfer capacity (left) and measured reaction rates (right) of the prepared oxygen carriers. 
 
It is generally accepted that the NiAl2O4 spinel structure is inactive in methane combustion 1,3, and spinel binders 
in general are considered inactive. Our results show that while nickel aluminate (OC2) is not as reactive as NiO-
NiAl2O4 (OC1), it can react with methane at 900°C, with a much lower OTC (4.5 against 13%) and lower reaction 
rates. It should be noted that the reactivity and OTC of OC2 increase slightly with increasing number of cycles. 
Other spinel materials (OC3 to OC9) also react with methane at 900°C, most of them with fairly low OTC and 
reactivity. 
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However, OC9 (Cu0.95Fe1.05AlO4) has particularly high OTC (9.9%) in comparison with other spinel materials 
and its oxidation rate is comparable to that of OC1, but its reduction rate is significantly lower than that of the 
reference material (18%/min against 44%/min). Indeed, further testing of OC9 under fluidised bed conditions 
showed good attrition resistance and no signs of agglomeration, but its reduction rate by methane was relatively 
slow compared to that of the reference material4,5. Interestingly, 100% methane conversion to CO2 and H2O was 
achieved at 850°C provided the contact time was high enough. In order to increase the reduction rate, 'free' metal 
oxide (CuO or NiO) was added to the OC9 spinel structure in an attempt to use OC9 as a reactive binder. Different 
behaviours are observed depending upon the nature and quantity of added metal oxide.  
 
With CuO as additional metal oxide (added during the co-precipitation of the spinel hydroxide precursors by 
using excess copper nitrate), the resulting powders all showed signs of agglomeration in the wire mesh crucible 
despite being deposited (and therefore slightly dispersed) in quartz wool. The use of such materials is hence 
impossible in a circulating fluidised bed. Also, there seems to be no improvement of reduction rates upon increasing 
CuO loading, as well as a slight deterioration of the oxidation rates. 
 
When NiO is impregnated onto OC9, the reduction rate during the first cycle tends to increase with NiO loading, 
but the solid undergoes either activation or deactivation with the number of cycles, depending upon NiO loading 
(Figure 5). Adding 5 or 10% NiO on OC9 increases the initial reduction rate and the materials tend to activate upon 
cycling, whereas deactivation is observed upon cycling higher loaded materials. This can be understood from the 
SEM analysis showing that when 40% NiO is added, NiO particles form on the outer surface of the spinel phase. 
Since pure NiO particles show very rapid deactivation upon cycling due to sintering6, one can infer from Figure 5 
that adding more than 10 to 15 % NiO to the low porosity spinel phase results in NiO particles which deactivate 
very rapidly. From the results presented here, it seems that the maximum reduction rate achievable with NiO-OC9 
materials is between 25 and 30 %/min, still short of that of the reference material but much higher than pure OC9. 
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Figure 5: evolution of reduction rates as a function of number of cycles and of NiO loading on OC9 
 
The oxidation rates of NiO-OC9 particles are more or less constant with cycling at all NiO loadings, except with 
40% NiO, which shows a fast deactivation from one cycle to the other (Figure 6). Excess NiO particles probably are 
responsible for this behaviour, as explained above. Surprisingly, low NiO loadings tend to decrease the oxidation 
rate compared to that of pure OC9, but increasing NiO loading increases oxidation rate. There seems to be also a 
limit to the maximum oxidation rate achievable (around 47%/min), close to that of the reference material and of the 
pure spinel. 
It also has to be noted that the oxygen transfer capacity of NiO-impregnated OC9 increases with NiO loading.  
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Figure 6: evolution of oxidation rates as a function of number of cycles and of NiO loading on OC9 
4. Conclusion 
Several transition metal based mixed oxides with the spinel structure have been prepared, characterised and 
tested using a TGA apparatus simulating the oxidation and reduction periods in CLC. Despite the fact that gas phase 
diffusion limitations are encountered under our TGA test conditions, the spinel materials were compared in terms of 
oxygen transfer capacity as well as oxidation and reduction rates. The best working spinel formulation is 
Cu0.95Fe1.05AlO4, with high oxygen transfer capacity, high oxidation rate, but a relatively low reduction rate 
compared to our reference formulation (60%NiO-40%NiAl2O4).  
Impregnating NiO on the former spinel material allowed to increase both oxygen transfer capacity and reactivity 
of the resulting materials. While oxidation rates in the same order of magnitude to that of the reference material 
could be obtained, the maximum measured reduction rate was still only slightly above half that of the reference 
material. 
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